Clean water provision is a critical component of emergency response, and chlorination is
Keywords: chlorine, disinfection, emergency, natural disaster, outbreaks, water treatment Safe water Supply, Sanitation, and hygiene are immediate priorities for human survival and dignity in emergencies (SpHere, 2011) such as in natural disasters (i.e. earthquakes, volcanic eruptions, landslides, tsunamis, floods, and drought), disease outbreaks, and complex emergencies. Complex emergencies are defined as 'situations of disrupted livelihoods and threats to life produced by warfare, civil disturbance and large-scale movements of people, in which any emergency response has to be conducted in a difficult political and security environment ' (wHo, 2002) . four common water, sanitation, and hygiene (waSH) interventions in emergencies are: 1) provision or repair of water supplies; 2) treatment of water centrally or at the household level; 3) provision of sanitation options such as latrines or latrine alternatives; and 4) promotion of hand washing and environmental hygiene. these waSH interventions are particularly important in response to emergencies that lead to an increased risk of infectious disease, including flooding events, natural disasters that may lead to displacement, outbreaks caused by untreated drinking water, and some complex emergency settings (ahern et al., 2005 (ahern et al., , Shultz et al., 2005 watson et al., 2007) .
Chlorine is widely used in emergency response because of its availability, ease of use, cost-effectiveness, ease of verification, efficacy in inactivating bacterial and viral pathogens, and maintenance of a chlorine residual in treated waters that protects against recontamination during storage of water (lantagne and Clasen, 2012b) . However, despite this widespread use, effectively implementing chlorination programmes in emergencies remains challenging because: 1) recommendations for dosing and residual chlorine levels in emergencies vary among and within guidance documents such as those of the world Health organization (wHo) and the united States environmental protection agency (epa) (lantagne, 2008; lantagne et al., 2014) ; 2) programmatic elements cannot necessarily be generalized among different types of emergencies or geographic and cultural settings; and 3) research on chlorination programmes in emergencies is limited. in fact, two recent systematic reviews of the evidence base on waSH interventions for cholera response (taylor et al., 2015) and the health impact of waSH interventions in emergencies (ramesh et al., 2015) concluded there is a lack of evidence to support implementing waSH interventions in outbreaks and emergencies. the reviews found that the overall quality of evidence is low, and highquality results were primarily on household water-treatment interventions. However, both reviews had strict inclusion criteria that led to only 18 and 6 studies January 2017
Waterlines Vol. 36 No. 1 being included in the reviews, respectively. these strict inclusion criteria limit the applicability of the reviews. our objective in completing this article was to summarize the full scope of available evidence on the specific intervention of chlorination of drinking water in emergencies in order to: 1) provide practical, evidence-based recommendations and guidance for emergency responders; and 2) outline areas needed for future research.
Methods
to meet our objective, we completed three activities: 1) a literature review on chlorination in emergencies; 2) a review of supplemental technical information on chlorination in general that is relevant to emergencies; and 3) analysis and summary of the available data, particularly in extracting data to develop evidencebased recommendations for emergency responders and to outline areas for future research.
we first conducted a literature review to identify peer-reviewed articles and grey literature on chlorination in emergencies. using the keywords included in table 1, we searched Medline, pubMed, and engineering Village. additionally, we searched the authors' individual reference databases, reviewed technical recommendations for chlorinating water in emergencies, and conducted reference chaining. we reviewed manuscripts for inclusion by first reading titles, then relevant abstracts, and then selecting full texts. Manuscripts were included in the review if studies: 1) were conducted in an emergency context, such as a natural disaster, outbreak, or complex emergency; 2) collected data and included information on how data was collected that was assessed by reviewers as scientifically accurate; and 3) were relevant to one or more of the seven selected topics (see below). we supplemented the review with relevant technical information from non-emergency circumstances identified using targeted review methodology. this technical information was identified and obtained from the initial emergencyspecific review, as well as targeted searches of international manuals and guidance documents, manuscripts on chlorination in development contexts, reference chaining, and personal reference databases and information from the nine authors, representing practitioners, researchers, and academics. please note that we did not conduct a review or complete literature review for the term 'chlorination' due to the overwhelmingly high volume of non-relevant information doing so would return. as an example of this overwhelmingly high volume, only using one search term ('chlorin*') led to a return of 40,839 documents on only one database (pubMed) alone, most of them not relevant to water treatment.
we then categorized information from the included documents into seven key topics. the seven key topics were selected based on the authors' experience in conducting and evaluating chlorination programmes in emergencies, and included three 'technical' topics and four 'programmatic' topics. the three technical topics -which are not necessarily specific to emergencies -are technical efficacy, chlorine dosage, and technical challenges. the four programmatic topics -which are specific to emergencies -are product options, user acceptability, programmes for emergencies, and programme monitoring. after reading each included document identified in the reviews, we categorized each document into the appropriate topic(s). the results section is presented by topic, as for each topic we summarized (in text format) the results (if any) from the included documents, and extracted recommendations for implementation and research needed.
overall, the manuscript is intended to summarize the available evidence on chlorination of drinking water in emergencies to provide practical, evidence-based recommendations for emergency responders and outline areas needed for future research. the manuscript is written with sufficient background information (in the first three technical topics) that a reader unfamiliar with chlorination in general can obtain the background information necessary for the four emergency-specific programmatic topics.
Results
the review returned 2,371 documents, of which 59 met all three inclusion criteria. five pertained to technical efficacy, 21 to dosage, 3 to technical challenges, 10 to product options, 3 to user acceptability, 32 to programmes for emergencies, and 0 to programme monitoring (table 2) . additionally, we included information from 47 documents from non-emergency contexts, including 2 pertaining to technical efficacy, 5 to dosage, 19 to technical challenges, 11 to products, 5 to user acceptability, 1 to programmes for emergencies, and 8 to monitoring (table 3) .
we summarize the results from the identified documents by topic in the following sections. an overall summary of information and recommendations for chlorination in emergencies, by topic, is presented in table 4.
Technical efficacy
Technical efficacy is the first technical topic in this article, and herein we include information on the efficacy of chlorine at removing organisms that cause diarrheal disease, including factors that impact that efficacy. we identified five documents in the chlorination in emergency review, and two additional documents in the general literature, pertaining to technical efficacy. we summarize those documents below, providing a primer on chlorination.
Chlorine's efficacy is a function of pH, concentration and contact time, temperature, and chlorine demand of the water (Black & Veatch Corporation, 2010) . when added to water, chlorine forms hypochlorous acid (HoCl), which dissociates into hypochlorite (oCl−) and hydrogen (H+) ions at pH levels >8, as the pKa = 7.53. HoCl is a strong disinfectant, as it has a neutral charge that allows it to cross the cell wall, alter the shape of cellular components, and disrupt pathogen functionality. oCl− is a weaker disinfectant, by a factor of about 100. thus, chlorination is most effective at pH < 8.0, when HoCl is present (wHo, 2011) .
the 'Ct-factor' is a measure of chlorine's efficacy in inactivating a pathogen, and is experimentally established for each pathogen (CDC, 2008b) . Multiplying the chlorine concentration (in mg/l) by the contact time (in minutes) necessary to inactivate a particular pathogen yields the Ct-factor. under laboratory conditions, chlorine can reduce disease-causing bacteria by 82-99.999999 per cent, viruses by 99-99.99 per cent, and protozoa by 99-99.9 per cent, although it is ineffective against the protozoa Cryptosporidium parvum and helminth eggs such as Ascaris lumbricoides ova. at ≥25°C, the standard contact time is 30 minutes; with each 10°C temperature drop, contact time should be doubled (wHo, 2011) . this recommendation is particularly important for emergencies in cold climates. these effects of temperature and pH have been demonstrated under emergency conditions and in laboratory conditions elmaksoud et al., 2014; ali et al., 2015) .
when chlorine is added to water, it reacts with inorganic and organic materials (such as metals and humic and fulvic acids) and becomes unavailable for disinfection (CDC, 2008a; Black & Veatch Corporation, 2010) . the amount of chlorine used up in these reactions is termed the 'chlorine demand' of the water, and is determined empirically. after the chlorine demand is met, the remaining chlorine is termed total chlorine residual (tCr). a portion of the tCr reacts with nitrogencontaining molecules to form combined chlorine, which acts as a weak disinfectant. the concentration of remaining free chlorine (in the form of oCl− and HoCl, • Contact time at room temperature (25°C) should be 30 minutes.
-For every 10°C below 25°C, double contact time.
• Chlorine is not effective against cryptosporidium or ascaris.
Dosage
• Dose should meet chlorine demand and combined chlorine demand, maintain FCR during transport and storage, and not exceed international guideline values and user taste/odour thresholds.
-Balancing criteria may be impossible and recommendations must be adjusted.
-Goal is to have minimum of 0.2 mg/L at point of consumption.
• Calculate dosage empirically or use a fixed dosage of: -2.0 mg/L in less turbid waters (<10 NTU), and -4.0-5.0 mg/L in more turbid waters (10-100 NTU).
• Chlorination alone is not recommended at turbidity >100 NTU.
Technical challenges • DBPs are a perception, rather than a real risk in emergencies.
• Where risk of cryptosporidium or ascaris is high, use filtration/flocculation before chlorination.
• When water is highly turbid, and an alternative source or treatment cannot be used, the following can be used: -Cloth filtration, settling/decanting, sand and ceramic filtration, and alum and moringa seeds all reduce turbidity.
-Settling/decanting, sand and ceramic filtration, and alum reduce chlorine demand and as such a single dose of chlorine can be used after these treatment.
-Alum flocculation can reduce trihalomethane formation potential.
-A double dose of chlorine can be directly added if turbidity is 10-100 NTU.
Products
• Select products (powders, liquids, and tablets) by local availability, transportation, cost, familiarity, and other contextual factors.
• Ensure concentration of products is within 10 per cent of advertised concentration.
• Use high-quality raw materials for locally manufactured products.
• Test concentration of liquid sodium hypochlorite solutions and stabilize to pH > 11.9 with sodium hydroxide if used >48 hours after production.
• Store liquid solutions in sealed bottles, out of sunlight, and below 35°C.
User acceptability • Taste and odour thresholds vary; most users object to concentrations above 1-2 mg/L, but some object at concentrations as low as 0.2 mg/L.
• Users may reject microbiologically safe water with unaesthetic appearance in favour of contaminated water that appears to be clean.
• Taste and odour tolerance can be determined through taste-testing in a focus group. 
Topic Summary and Recommendations
Programmes for emergencies • Point-of-use water treatment and dispensers can be effective programmes.
• Well chlorination and pot chlorination are only effective for a few days after treatment.
• Data on water trucking, bucket chlorination, and in-line chlorination are insufficient to make a recommendation.
• Point-of-use chlorination should have effective products, placement, and support: -Use high-quality products with instructions.
-Select products familiar to users and implementer.
-Conduct training and use community-based mobilization, education, and marketing techniques.
Monitoring
• FCR and raw chlorine product quality are important monitoring parameters.
Note: * unpublished focus group results from chlorine taste testing, Tufts University, Medford, MA; available from daniele.lantagne@tufts.edu Table 4 Summary of knowledge on chlorination in emergencies from the seven key topics (continued) http://www.developmentbookshelf.com/doi/pdf/10.3362/1756-3488.2017.002 -Sunday, April 02, 2017 9:46:00 PM -Tufts University IP Address:130.64. 15.37 and at pH < 2 chlorine gas) is termed the free chlorine residual (fCr). Breakpoint chlorination, the time it takes to complete these reactions, generally occurs within 30 minutes of chlorine addition.
fCr presence in treated water is a measure of potability, and indicates that sufficient chlorine was added to inactivate most pathogens and that water is protected from recontamination during transport, storage, and use for a certain time period (CDC, 2008a) . During distribution, transport, and storage of chlorinated water before drinking, the fCr concentration decays due to exposure to heat, ultraviolet (uV) light, and introduced contaminants (lantagne, 2008) .
Chlorine dosage
the chlorine dosage topic, the second technical topic covered here, includes information on the amount of chlorine added to water to both treat the water and maintain an appropriate fCr concentration. we identified 21 documents in the chlorination in emergency review, and five additional documents in the general literature, pertaining to chlorine dosage. we summarize those documents below, providing information on the current recommendations for how much chlorine to add to effectively treat water in emergencies.
three chlorine concentrations are relevant to chlorination in emergencies: 1) raw product concentration ('product concentration'); 2) the amount of chlorine added to a certain volume of water to be treated ('dosage'); and 3) the fCr available for disinfection in the treated water ('fCr'). product concentration is usually expressed as a percentage of chlorine for liquid, powdered, and gas forms, and in milligrams for tablet forms. Dosage and fCr are expressed in milligrams of chlorine per litre of water (mg/l) or parts per million (ppm), which are (roughly) equivalent measures for chlorine solutions. a significant challenge to implementing chlorination programmes in emergencies is that international guidance documents: 1) vary in recommendations for chlorine dosage and fCr; 2) contain internally inconsistent recommendations (lantagne et al., 2014) ; 3) are inconsistent on when to measure fCr after chlorine addition; 4) are inconsistent across various chlorinated water delivery mechanisms (centralized treatment, point-of-source, point-of-use); 5) are inconsistent in defining emergencies and recommending different dosages for high/low risk of disease outbreak or development/emergency; and 6) are inconsistent in the recommended duration to maintain fCr at the household level. additionally, while guidelines consistently recommend a double chlorine dose when turbidity is high, the value of turbidity at which to double the dose is not consistent. to document this variability, we have collated the various recommendations in table 5.
Despite the variability among and within these guidelines, recommendations can be summarized as follows: 1) in emergencies with normal or low risk of disease outbreaks, fCr should be 0.2-0.5 mg/l; 2) in emergencies with a high risk of disease outbreaks, fCr should be 0.5-1 mg/l (ali et al., 2015) ; and 3) fCr in drinking water should not exceed internationally recommended maximums (such as the epa maximum contaminant levels of 4.0 mg/l or the wHo guideline value of 5.0 mg/l (wHo, 2011; epa, 2016b 1.875 [8] 6.547 [9] 5.55-10.42 [10] 1.0-5.0 [11] 2.5 [12] (bucket chlorination) Dosage (mg/L) at high turbidity 3.75 [8] 13.09 [9] 11.1-20.8 [10] 6-8 [21] (surface water)
FCR (mg/L) after 30 minutes 0.3-0.5 [7] 0.5 [18] (piped system) 1.0 [18] (standpipe) 2.0 [18] (tanker trucks at filling) 0.4-0.5 [1] 0.4-0.5 [2] ≥0.5
≥0.2 [6] 0.2-0.5 [11] 1.0 [12] (bucket chlorination) 0.2-0.5 [13] 0.5-0.7 [14] 0.2-0.5 [15] 1.0 [17] (refugee camps) FCR (mg/L) after 1 hour ≤2 [8] FCR (mg/L) after 24 hours ≥0.2 [8] FCR (mg/L) at point of delivery
≥0.5 [4] (pipe) ≥0.5
[2]
≥0.5 [4] ≥1 [4] (pipe) 0.5 [12] 0.5-1 [19] (well) 1.0 [20] 0.5 [3] (tanker trucks) 0.2-0.5 [2] 0.2-0.5 [12] (pipe) 0.5-1 [12] (pipe with breakage) 0.2-0.5 [14] FCR (mg/L) at point of use 0.3-0.5 [20] ≥ 0.5 [3] ≥ 0.5 [7] 0.8-1 [20] 0.5-1 [20] FCR (mg/L) at unspecified point in time 1 [2] (pipes in urban area after flood) 0.4-0.5 [2] 0.8-1 [7] (tanker truck) 0.2-0.5 [16] 0.2-0.5 [5] 0.3-0.5 [18] because they do not indicate where and when testing should occur in an emergency. for example, if a response programme trucks water to a bladder and then recipients collect water from distribution points supplied by the bladder, the recommendations do not consistently specify where to sample fCr (in the tanker, the bladder, at the distribution point, or in a household container or cup). ideally, the water would be protected during distribution, transport, and storage until consumption through to the 'distal end' of the system (Clasen and Bastable, 2003) , and recent research has suggested increasing recommended dosages to ensure recipients' drinking water remains protected (ali et al., 2015) .
thus, to comply with these fCr recommendations, the initial chlorine dosage must be calibrated to: 1) meet the chlorine demand of the water; 2) maintain fCr sufficient for disinfection during water distribution, transport, and household storage (potentially lasting from 8 to 24 hours or more); and 3) avoid exceeding international maximum guideline values and user taste and odour objections. please note that in some contexts balancing these three criteria may not be possible.
the chlorine dosage can be calculated empirically or by using fixed dosages. empirical calculations are completed by conducting jar testing, which consists of adding multiple chlorine dosages to source water and selecting the dose with the desired fCr at a specified time (often 0.2 or 0.5 mg/l at 30 minutes) (wHo, 2005) . the benefit of empirical dosing is that a calibrated dose for each individual source water is calculated daily. the drawbacks are that testing is time-consuming and technically challenging, daily fluctuations in dosage recommendations can confuse staff and users, and testing does not account for fCr decay during distribution, transport, and storage of water.
alternatively, commercial point-of-use water treatment products use a fixed chlorine dosage of 2.0 mg/l in less turbid waters (<10 nephelometric turbidity units (ntu)) and a dosage of 4.0-5.0 mg/l in more turbid waters (10-100 ntu) (Crump et al., 2004; Medentech, 2015) . fixed dosages, unlike their empirically derived counterparts, have been verified by empirical testing to ensure ≥0.2 mg/l fCr 24 hours after chlorine addition in households (lantagne, 2008) . the drawbacks of fixed dosages are that they may provide higher fCr concentrations than necessary in cleaner water or lower fCr concentrations than necessary in more contaminated water and they may exceed user taste and odour levels (discussed further in the 'user acceptability' section below).
Technical challenges
the technical challenges topic is the third and last technical topic and includes the known limitations of chlorine, including disinfection by-products (DBp) formation, chlorine-resistant pathogens, and chlorination of turbid waters. we identified three documents in the chlorination in emergency review, and 19 additional documents in the general literature, pertaining to technical challenges. we summarize those documents below, providing information on technical challenges, applicability to emergencies, and recommendations for addressing these technical challenges in emergencies, based primarily on extensive non-emergency documents.
Disinfection by-product formation. Chlorine reacts with organic material and bromine naturally present in source waters to form DBps, including the commonly regulated trihalomethanes (tHMs) (rook, 1974) . two of the four tHMs (chloroform and bromodichloromethane) are classified as possible human carcinogens, and the wHo has established guideline values for all four tHMs (iarC, 1991 wHo, 2004 wHo, , 2011 . please note that the wHo guideline values are based on an acceptable risk of one extra cancer in 100,000 people who drink 2 l of chlorinated water per day for 70 years. Despite this extremely low actual risk, the perception of tHM risk can be quite high, as evidenced by an editorial in a Haitian newspaper during the cholera epidemic claiming chlorination recommendations to prevent cholera would lead to 500,000 cases of cancer in the next 25 years (Mérat, 2015) . this editorial undermined public confidence in chlorination during the cholera outbreak. turbidity is often used as an easily testable proxy indicator for organic material contamination when considering how to minimize DpB formation. in research studies investigating tHM formation in turbid source waters (4-889 ntu) treated with sodium hypochlorite solution and sodium dichloroisocyanurate tablets, tHM levels 24 hours after treatment were all below the wHo guideline values (lantagne et al., 2008; lantagne et al., 2010) .
in actuality in emergency settings, the high short-term risk of ingesting contaminated water far outweighs the low risk of long-term negative health consequences from tHM exposure. the wHo Guidelines for Drinking-Water Quality states, 'it is emphasized that adequate disinfection should never be compromised in attempting to meet guidelines for tHMs ' (wHo, 2011) .
Chlorine-resistant pathogens. the Cryptosporidium parvum oocyst has a Ct-factor of 7,200 mg . min/l, which far exceeds the maximum Ct-factor of 60 mg . min/l achieved by standard fixed chlorine dosages of 2 mg/l for 30 minutes (Korich et al., 1990; CDC, 2008a CDC, , 2008b . if cryptosporidium is a risk (mostly from surface sources), then chlorination alone is inadequate and a filtration or coagulation/flocculation step is also recommended (Souter et al., 2003; wHo, 2011; peletz et al., 2013) , as human infection with cryptosporidium is associated with malnutrition in children (Sallon et al., 1988) and chronic disease in immune-compromised individuals (Hunter and nichols, 2002) . another chlorine-resistant pathogen with severe health impacts, ascaris, can be removed from water with sedimentation, filtration, or coagulation/ flocculation.
Chlorination of turbid water. turbid water is challenging to treat, both because treatment options are complex and because users may object to the finished water's appearance, taste, and real or perceived risk of tHMs. the following five mechanisms are options for when the water source is turbid: 1) locate an alternative non-turbid source; 2) use an alternative treatment (such as filtration/flocculation); 3) pre-treat before chlorination with a physical clarification mechanism, such as cloth filtration, settling/decanting, or sand or ceramic filtration (Kotlarz et al., 2009 ); 4) pre-treat before chlorination with a chemical coagulation/flocculation step, such as alum or moringa (preston et al., 2010) ; or 5) as commonly recommended, double the chlorine dose (SpHere, 2011; epa, 2016a) . if an alternative source or treatment cannot be used, pre-treatment using cloth filtration, settling/decanting, sand and ceramic filtration, alum addition, and moringa addition significantly reduce turbidity (Muyibi and okuofu, 1995; Kotlarz et al., 2009; preston et al., 2010; Sengupta et al., 2012) . additionally, sand and ceramic filtration, settling/decanting, and alum addition significantly lower chlorine demand (Kotlarz et al., 2009; preston et al., 2010) . Cloth filtration does not affect chlorine demand (Kotlarz et al., 2009) , and moringa addition increases it due to the addition of organic material (preston et al., 2010) . none of the physical clarification pre-treatment mechanisms decreases tHM formation potential, likely because tHM precursor compounds are too small for gross filtration mechanisms to remove (Kotlarz et al., 2009; lantagne et al., 2010) . However, chemical coagulation/ flocculation with alum can slightly reduce tHM formation potential (Drikas et al., 2003) , while chemical coagulation/flocculation with moringa increases tHM formation potential due to the concurrent addition of organic material (lantagne et al., 2008) .
to summarize, alum is the only pre-treatment option that reduces turbidity, chlorine demand, and tHM formation potential. unrefined alum is sold in markets as a naturally occurring mineral stone block, and is used for bulk and household coagulation/flocculation in emergencies. using alum for bulk water treatment in emergencies is a straightforward and widely used turbidity reduction option. However, the promotion of alum for household coagulation/flocculation is limited because: 1) the quality of alum varies unpredictably; 2) no established recommended dosage or simple mechanism exists for users to add alum; and 3) overdosage causes a salty, unpalatable taste (preston et al., 2010) . Sand and ceramic filtration and settling/decanting reduce turbidity and chlorine demand in turbid waters. thus, a single dose of chlorine can be thus be used after alum treatment, sand and ceramic filtration, or settling/decanting. Given that moringa increases both chlorine demand and tHM formation, it is not recommended in conjunction with water chlorination programmes.
another widely promoted option for treatment of turbid water is simply to double the dose of chlorine. while this is not recommended as adequate water treatment over the long term, studies show that a double dose can maintain adequate fCr and effectively reduce microbiological contamination at turbidities up to 100 ntu, but more refined evidence is needed (Crump et al., 2004; lantagne, , Mohamed et al., 2015 . Chlorinating water with turbidity >100 ntu is not recommended, and chlorination of very turbid water rarely occurs in emergency contexts because of concerns about user rejection due to the strong taste of chlorine.
Product options
the product options topic is the first of four programmatic topics, and is specific to the emergency context, detailing chlorine products that are available for use in emergency response. we identified 10 documents in the chlorination in emergency review, and 11 additional documents in the general literature, pertaining to product options. we summarize those documents below, providing information on the benefits and drawbacks of powder, liquid, and tablet forms of chlorine used in emergency response, followed by a discussion on safe storage containers.
Powder. Sodium dichloroisocyanurate (naDCC) and calcium hypochlorite (bleaching powder, HtH, chlorinated lime) powders are widely used in emergency response because of their high concentration and ease of transport. they are mixed with water to make liquid chlorine solutions. Both powders contain approximately 60-70 per cent chlorine and are stable for 3-5 years if not exposed to uV light or high temperatures. the efficacy of bleaching powder in removing fecal indicator bacteria has been demonstrated in emergency floodwaters (islam et al., 2007) . a drawback of naDCC is that it is not stable in solution, and thus naDCC solutions should be used within one day of preparation (iqbal et al., 2016) . a drawback of calcium hypochlorite is that it forms a precipitate that needs to settle out before decanting, or the solution can clog pipes. Care should be taken to use clean water for dilution and to avoid mixing HtH and naDCC powders together, as doing so can cause explosions (oxfam internal memo, Sierra leone, available from andy Bastable, abastable@oxfam.org.uk). the amount of powder to add to attain a specific concentration of liquid solution is calculated as shown in equation (1) 
(1) please note for calculations that 10,000 mg/l (ppm) = 1% = 3.16 degrees chlorometrique; degrees chlorometrique is a unit often used by former french colony countries.
two point-of-use products use chlorine powder: 1) Klorfasil uses specialized dosing caps to dispense 2 mg/l or 4 mg/l dosages of naDCC granules for 20 l containers (Klorfasil, undated) ; and 2) products such as pur purifier of water tM or waterMaker are flocculant/disinfectant powders that contain powdered flocculant (such as aluminium or ferric sulfate) and calcium hypochlorite. only pur's efficacy has been demonstrated in laboratory waters representative of emergency water (Mclennan et al., 2009; . to treat water with pur, users open the sachet, add the contents to an open bucket containing 10 l of water, stir for 5 minutes, let the solids settle to the bottom of the bucket, strain the water through a cotton cloth into a second container, and wait 20 minutes for the hypochlorite to inactivate the microorganisms (Souter et al., 2003; aquaya, 2005) .
Liquid. the benefits of sodium hypochlorite (naoCl, bleach) are that it is locally available, familiar, and inexpensive. the drawbacks are that it is difficult to transport, often does not advertise concentration or fall within 10 per cent of advertised concentration, requires pH stabilization (pH > 11) for storage for more than 48 hours, and degrades with increasing concentration and when exposed to heat and uV light (lantagne, 2009; lantagne et al., 2011) . a well-manufactured, pH-stabilized 1 per cent solution kept sealed, out of sunlight, and stored below 35°C has a shelf-life of approximately 18 months (lantagne et al., 2011) . the efficacy of liquid sodium hypochlorite in reducing fecal indicator bacteria has been demonstrated in both waters representative of emergency waters (Crump et al., 2004; and actual emergency waters (islam et al., 2007) .
the volume of sodium hypochlorite to add for a given dosage is calculated as shown in equation (2) 
please note that 1 per cent = 10,000 mg/l; 20 drops = 1 ml; and this equation is only valid for chlorine dosages of ≤5 mg/l).
liquid sodium hypochlorite may be obtained in an emergency by: 1) producing it on-site using a high-quality hypochlorite generator and raw materials (clean salt, clean water, and electricity); 2) procuring it from a quality-controlled local manufacturer; or 3) procuring prepackaged solutions available locally for household water treatment (such as waterGuard/Sûreau from population Services international) (CDC, 2008c).
Tablets. Sodium dichloroisocyanurate (naDCC) tablets, such as aquatabs™, have been distributed extensively in emergency situations (Clasen and Smith, 2005; lantagne and Clasen, 2012b; patrick et al., 2013) . aquatabs use a dosage of 2 mg/l for 'non-emergency' water and 5 mg/l for 'emergency' water (Medentech, 2015) . their efficacy has been demonstrated in laboratory waters representative of emergencies (Mclennan et al., 2009 ) and emergency waters (lantagne and Clasen, 2012b; patrick et al., 2013) . they have a shelf-life of 3-5 years and are sold in various sizes, labelled with the mg of naDCC, emergency or normal tablet type, and the volume of water to be treated. the calculation shown in equation (3) 
the benefits of naDCC tablets compared with liquid naoCl include lower cost of transport, longer shelf-life, and ease-of-use (Clasen and edmondson, 2006) . the drawbacks of tablets are a higher relative cost per volume of water treated, the need to import, and confusion for end users when multiple size tablets are distributed in the same emergency (Clasen and edmondson, 2006; loo et al., 2012; lantagne and Clasen, 2013; patrick et al., 2013) .
Safe storage containers. Safe storage containers protect treated water by creating a physical barrier to recontamination (Mintz et al., 1995) . Containers should: 1) have a small opening or lid to discourage users from placing potentially contaminated items such as hands, cups, or ladles into the stored water; 2) have a spigot or small opening to facilitate easy and safe access to the water without inserting hands or objects into the container; and 3) be appropriately sized, with permanently attached instructions and public health promotion activities for use and cleaning. the container's shape, age, and composition can affect fCr concentration. of the potential container materials (plastic, metal, or clay) only clay pots (which are preferred in many communities because they are perceived to keep water cool) have been shown to exert more chlorine demand, depending on the firing quality during the manufacturing process (ogutu et al., 2001; lantagne, 2008; null and lantagne, 2012) .
User acceptability
the user acceptability topic is the second of four programmatic topics covered in this article. Successful chlorination programmes depend not only on the technical and product aspects described in the first four topics, but also on user acceptability. ease-of-use, taste, smell, and appearance are important in determining if users will accept chlorinated water. we identified three documents in the chlorination in emergency review, and five additional documents in the general literature, pertaining to user acceptability. we summarize this scant evidence below, providing some information on user acceptability of chlorination programmes in emergencies. ease-of-use, taste, smell, and appearance are important in determining if users will accept chlorinated water. the chlorine taste comes from both the fCr, as well as from compounds formed when the chlorine reacts with other compounds in the water. users may avoid treated water that is unaesthetic but safe in favour of untreated water that is aesthetic but harmful (pouZn, 2007) .
Many individuals taste or smell chlorine in drinking water at concentrations well below 5 mg/l, and some individuals can detect levels as low as 0.3 mg/l (wHo, 2011) . while the research on the acceptability and variation of chlorine taste in infrastructure systems is well-established (Mackey et al., 2004; piriou et al., 2004; Gouveia et al., 2007) , little evidence exists for emergencies. Some initial evidence, and an oft-repeated belief, exists that people are more willing to accept the taste of chlorine in emergencies due to heightened sense of risk (Hoque et al., 1995; Clasen and Smith, 2005) .
to assess taste and odour thresholds, focus groups can be conducted where participants drink water solutions with 0.0, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 mg/l fCr and state their reactions and perceptions. regional, age-based, and cultural variability have been noted: for example, in various focus groups, Zambian participants reported acceptability at fCr 1.0 mg/l but not at 2.0 mg/l; liberian participants reported acceptability at 4.0 mg/l; ethiopian participants reported not tasting chlorine at 1.0 mg/l, noticing the taste at 2 mg/l, and objecting to the taste at 3 mg/l; and Burmese participants tasted and objected to fCr at 0.2 mg/l (unpublished focus group results from chlorine taste testing, tufts university, Medford, Ma; available from daniele.lantagne@tufts.edu). as stated previously, depending on the local context, balancing the competing criteria of meeting the chlorine demand of water, maintaining fCr sufficient for disinfection throughout the water collection and storage chain, and not exceeding international standards and user taste and odour objections may not be possible.
Chlorination programmes for emergencies
the chlorination programmes for emergencies topic is the third of four programmatic topics covered in this article. we identified 32 documents in the chlorination in emergency review, and one additional document in the general literature, pertaining to programmes in emergencies. we summarize the lessons learned from this plethora of evidence below, by programme type of point-of-delivery, point-ofsource, and point-of-use chlorination programmes; noting that some programme types are well-researched and other commonly implemented programme types are severely under-researched.
Chlorination programmes in emergencies occur at the: 1) point-of-delivery (i.e. at the tap stand from water trucking or in-line chlorination); 2) point-of-source (i.e. well chlorination, pot chlorination, bucket chlorination, and dispensers); and 3) pointof-use (i.e. household distribution). these chlorination programmes use various chlorine products, as described in a previous section. a summary of recommendations for implementing various programmes in emergencies is found in table 6.
Point-of-delivery. water trucking is a short-term, acute emergency response that addresses water shortages or interruptions in access when people are travelling further than normal to access water, non-functional water points cannot be rapidly repaired, and no commercial water trucking market is present (wildman, 2013) . Chlorine is often added directly to tanker trucks during water collection, although tanker owners sometimes reject this due to concerns about chlorine compounds corroding their tanks. after the 2010 earthquake in Haiti, water from households that was reported to be collected from tanker truck sources and not further treated had 0 mg/l fCr 77 per cent of the time and Escherichia coli was found in 56 per cent of samples (lantagne and Clasen, 2013) . after the 2004 tsunami in indonesia, only 56 per cent of the tanker trucks surveyed had fCr ≥0.1 mg/l in the truck, 18 per cent were contaminated with E. coli, and 32.5 per cent of the trucks reported filling from locations other than the designated one, likely because the line was too long (Gupta and Quick, 2006) . Gupta and Quick recommended improvements including maintaining 0.2-0.5 mg/l fCr at the filling station during times of no cholera risk and 2 mg/l when cholera risk is present, and avoiding sediment accumulation in the trucks (which increases chlorine demand) (Gupta and Quick, 2006) .
Centralized chlorination is often used in refugee camp settings, where water is pumped and treated centrally before distribution via a piped network and tapstands where users access water. Centralized chlorination includes in-line chlorination, in which automatic chlorinators continuousy add chlorine to water as it is distributed. in refugee camps in South Sudan served by in-line chlorination (with an aim of 0.8-1.0 mg/l fCr at the tapstand), the actual tapstand fCr was found to vary from <0.01-5.2 mg/l (ali et al., 2015) . Chlorine decay models developed from postdistribution fCr time series data found that maintaining adequate fCr at the Bucket chlorination
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• Provide products with standardized dosage and instructions and accurate concentrations • Deliver products with a safe storage container • Direct programmes at households previously familiar with the household water treatment method • Select implementing organizations with prior experience with the product and programme • Aim for high access to, demand for, and compliance with products • Provide the necessary supplies and training • Utilize community-based mobilization, education, and marketing techniques • Consider prioritizing distribution in households that cannot be reached by centralized treatment CARE, undated Clasen and Smith, 2005 Colindres et al., 2007 Deb et al., 1986 Doocy and Burnham, 2006 Dunston et al., 2001 Gupta et al., 2007 Hoque and Khanam, undated Hoque et al., 1995 Imanishi et al., 2014 IMC, 2008 Lantagne and Clasen, 2012b Lantagne and Clasen, 2013 Mong et al., 2001 Patrick et al., 2013 Reller et al., 2001 UNICEF, 2007 http://www.developmentbookshelf.com/doi/pdf/10.3362/1756-3488.2017.002 -Sunday, April 02, 2017 9:46:00 PM -Tufts University IP Address:130.64. 15.37 household level was only possible for up to 10 hours because of rapid chlorine decay. Currently researchers, manufacturers, and implementers express considerable interest in developing new products for treating water in line with chlorine in pipes and wellheads (pickering et al., 2015) .
Point-of-source -well chlorination. well chlorination (also termed shock or spot chlorination) refers to the process of adding a calculated amount of liquid or powdered chlorine directly into a well to sanitize the water within it (Godfrey, 2005) . although implementers and recipients commonly perceive long-lasting protection, research in Guinea-Bissau, liberia, and Bangladesh found that well chlorination provided only short-lived (<48 hours) maintenance of fCr and little to no improvement in water quality, and led to a false sense of security (rowe and angulo, 1998; Garandeau et al., 2006; luby et al., 2006) .
Point-of-source -pot chlorination. pot chlorination is a variation on well chlorination in which a container (clay pot, plastic bottle, or jerrican) with layers of HtH, sand, and gravel is suspended in a well, ideally slowly diffusing chlorine. However, pot chlorinators: 1) frequently release chlorine too fast, resulting in very high fCr concentrations (up to 10 mg/l) (Garandeau et al., 2006) ; 2) do not maintain an fCr of 0.2-5.0 mg/l for long (62 per cent at 24 hours, 15 per cent at 48 hours, and 4 per cent at 72 hours) (Cavallaro et al., 2011) ; and 3) lead to a false sense of security that can result in discontinuation of more effective chlorination programmes (Cavallaro et al., 2011) . However, when pot chlorination was completed weekly and fortnightly, thermotolerant coliform levels in an internally displaced persons (iDp) camp in angola were consistently reduced to <10 colony-forming unit (Cfu)/100 ml (Godfrey et al., 2003) . further, when pot chlorinators were regularly refilled, residual chlorine level was maintained for up to three days during a cholera outbreak in Cameroon (Guevart et al., 2008) .
Point-of-source -bucket chlorination. in bucket chlorination, trained individuals (chlorinators) stationed at water sources add sodium hypochlorite solution to recipients' water-collection containers. Generally, the appropriate dosage for bucket chlorination is determined empirically on a daily basis. Data on the effectiveness of this method in emergencies is scarce, and we identified no published documents, but recent research during a cholera outbreak in Cameroon documented that 83 per cent of households had fCr <0.2 mg/l 24 hours after bucket chlorination (Murphy et al., undated) . when researchers added a dose of 2.5 mg/l chlorine to buckets of water in a refugee camp in Malawi, E. coli was reduced by 99 per cent for four hours; however, by six hours, E. coli increased to >250 Cfu/100 ml (roberts et al., 2001 ).
Point-of-source -dispensers. Dispensers are a variation on bucket chlorination. innovations for poverty action (ipa) developed the Chlorine Dispenser System in 2007. it includes three central elements: 1) hardware installed next to a water source that dispenses an appropriate dose of sodium hypochlorite solution for a collection vessel; 2) a local promoter who refills the dispenser and conducts community education; and 3) a supply chain of bulk chlorine refills. a study investigating the effectiveness of dispensers in emergency contexts in Haiti, Sierra leone, Democratic republic of Congo, and Senegal found that results varied greatly across programmes (yates et al., 2015) . the percentages of households self-reporting treatment of stored household drinking water with a dispenser ranged from 9 to 97 per cent, the percentage of households with fCr ≥0.2 mg/l in dispenser-treated water ranged from 5 to 87 per cent, and the percentage of households that used the dispenser to improve the microbiological quality of their stored household water from contaminated to uncontaminated ('effective use') ranged from 0 to 81 per cent. along with overall strong programme management elements, the more effective dispenser interventions maintained both dispenser hardware and a high-quality chlorine solution manufacturing and distribution chain.
Point-of-use. Distribution of chlorine-based point-of-use products, i.e. products that require households to treat their water (with sodium hypochlorite, naDCC tablets, or flocculant/disinfectant sachets), have been evaluated in response to earthquakes, tsunamis, floods, cyclones, typhoid outbreaks, cholera outbreaks, and complex emergencies (table 6). Benefits of point-of-use chlorination include global product availability, ease of distribution, and the potential for continued access to products as the response transitions from relief to development (if products are locally available). Drawbacks include user acceptability, need for appropriate training, and the difficulty of conducting promotion when different tablets with varying chlorine concentrations for varying volumes are distributed within the same emergency context (lantagne and Clasen, 2012a) .
while it is commonly believed that adherence to chlorination is relatively higher in emergency programmes because of the population's perception of risk in an emergency, there is actually good evidence on the programmatic factors that lead to successful chlorination in emergency programmes. overall, the most successful chlorine-based distribution programmes in emergencies (across all programme types) are effective in three areas: products, placement, and support. effective products have standardized dosage and instructions and accurately advertised chlorine concentrations, and are delivered with a safe storage container. effective placement occurs where programmes are directed at households familiar with the chlorination method before the emergency; implementing organizations have prior experience with the product and programme; and there is high access to, demand for, and compliance with products. effective support exists where implementing organizations provide the necessary supplies and training; coordinate with partner agencies; and utilize community-based mobilization, education, and marketing techniques such as health motivators or community health workers (Deb et al., 1986; Hoque et al., 1995; Dunston et al., 2001; Mong et al., 2001; reller et al., 2001; Clasen and Smith, 2005; Doocy and Burnham, 2006; Colindres et al., 2007; Gupta et al., 2007; uniCef, 2007; iMC, 2008; Clasen, 2012b, 2013; patrick et al., 2013; imanishi et al., 2014; Care, undated; Hoque and Khanam, undated) .
Programme monitoring
the programme monitoring topic is the last of four programmatic topics covered here. programme monitoring is necessary to ensure the chlorination programme is operating as intended, and to identify and rectify any problems. we identified zero documents in the chlorination in emergency review, and eight documents in the general literature, pertaining to programme monitoring. thus, we summarize recommendations for programme monitoring in emergencies based on the general literature below.
programme monitoring is an ongoing process to continually provide information on a programme's progress (unDp, 2009) . Monitoring two parameters in chlorination programmes in emergencies is recommended: 1) fCr at appropriate locations including the household level; and 2) raw chlorine product quality (wHo/uniCef, 2012) . formal evaluations can assess microbiological quality of treated water and health impact.
regularly testing fCr at the household level is the most critical indicator in monitoring, as it indicates correct use, consistent use, and water safety. Many commercially available fCr test methods exist, with varying accuracy, precision, usability, and costs, including pool test kits, test strips, test tube kits, colour-wheel comparator test kits, and digital colorimeters (Murray and lantagne, 2015) . all these methods depend on a colour change to identify fCr presence and concentration. Murray and lantagne found DpD-1-based test tube kits and colorimeters to be well suited for measuring fCr concentrations in drinking water in low-resource settings. test-strip methods are the easiest to use, but are the least accurate. an example of a monitoring programme in emergencies is the SiS-Klor programme in Haiti, which consisted of regularly measuring fCr in spontaneous settlements in Haiti, and reporting these results through the waSH Cluster to encourage a minimum fCr in all tapstands (Dinepa, 2016) .
to assess raw chlorine product quality, responders can add a known amount of the product to chlorine-demand-free, unchlorinated water; calculate the expected fCr; measure the actual fCr with a test kit as described previously; and assess the difference. Generally, a 10 per cent error is considered acceptable (lantagne et al., 2011) . the quality of liquid sodium hypochlorite solutions can also be assessed using a portable iodimetric titration method (such as Hach Method 8209) (HaCH, 2016) or working with a laboratory that can complete iodimetric titration. additionally, testing the pH of liquid hypochlorite solutions to ensure stability with simple pH strips capable of testing in the pH 7-14 range is recommended to ensure stability.
lastly, microbiological quality of treated water and/or health impact can be assessed, although these parameters are more complicated to measure and more suitable for external evaluation programmes than routine monitoring programmes (CDC, 2010; wHo/uniCef, 2012 ).
Discussion
we conducted a review of chlorination in emergencies, supplemented with relevant technical information from the general chlorination literature, and identified 106 documents that provided insight into seven key topics relevant to chlorination of water in emergencies: technical efficacy, chlorine dosage, technical challenges, product options, user acceptability, programmes for emergencies, and programme monitoring. our results document that: 1) there is inconsistency in international chlorine dosage recommendations in emergencies; 2) high-quality information is available from the general chlorination literature on the challenges of chlorination that can be adapted for emergencies; 3) numerous chlorine products are available that are used in point-of-delivery, point-of-source, and point-of-use programmes in emergencies; 4) there is a varying amount of information on the effectiveness of chlorination programmes in emergencies, ranging from none identified to high-quality data that can inform programming; 5) there is a lack of information on user acceptability of chlorination in emergencies; and 6) there is a lack of ongoing regular monitoring data collection on chlorine programme effectiveness in emergencies.
as presented herein, considerable variation exists in the fCr recommendations for chlorine in emergencies, and the dosage and fCr that should apply to each water source in each emergency context are quite unclear. as the ultimate goal of chlorination programmes is to ensure the presence of a minimum fCr level at the distal point of the system -which in emergencies is often after storage in a household container -international guidelines and standards should align to ensure a minimum fCr amount (0.2 mg/l) in the recipient's cup at the moment of consumption. to achieve this goal, additional research is needed: 1) to determine methods to accurately assess chlorine demand throughout the distribution, transport, and storage chain (including more than simply jar testing at the source, but understanding fCr degradation throughout the water chain); 2) to identify the acceptable turbidity range for double dosing of chlorine and determine the effectiveness of locally available pre-treatment strategies (such as cloth filtration, ceramic/sand filtration, settling/decanting, and alum addition) for turbid water in the field; and 3) to determine how to balance these criteria with taste and odour thresholds, as described later in this section.
Challenges of chlorination -tHMs, resistant pathogens, and turbid water -are very well addressed in the non-emergency literature, and these lessons can be widely adapted to the emergency context. additionally, several well-known products are available for chlorination of water in emergencies, and many of these are well researched and validated. However, additional research is needed on less well-known or locally manufactured chlorine solutions.
the irony of emergency response chlorination programmes is that many of those that are widely implemented -in-line chlorination, well chlorination, bucket chlorination, water trucking -lack sufficient evidence to support their effectiveness. Conversely, significant evidence supports the use of less implemented programmes such as dispensers, and there is a plethora of evidence on the commonly implemented point-of-use chlorination. Based on the available evidence, recommendations for implementing point-of-use chlorination and dispensers have been presented, and well/pot chlorination is only recommended if it is completed regularly. More information is needed on in-line chlorination, well chlorination, bucket chlorination, and water trucking to develop recommendations (table 6). in particular, product development and evaluation are necessary in the realm of in-line chlorinators, both for systems and for wellheads. lastly, research comparing multiple chlorination programmes in the same emergency is needed to devise better guidance for practitioners determining the most efficient method to utilize.
there are many assumptions made by emergency responders about user acceptability of chlorine in emergency response, ranging from the perspective that chlorine taste and odour are completely unacceptable to the belief that individuals will change their behaviour because of perceived increased risk in the emergency. no manuscript in our review primarily addresses the topic of user acceptability of chlorine in emergencies; it was only touched upon as a side topic. research from the development context highlights cultural and contextual factors playing a large role in the acceptability of chlorination. Dedicated research is still necessary on the acceptability of chlorine taste in emergencies, in varying contexts, and on varying perceptions of increased risk by the population. additionally, more information is needed on how to address the perceived risk of tHMs during emergency chlorination programmes.
Monitoring of fCr and chlorine product concentrations is recommended in all chlorination programmes in emergencies. to ensure chlorine protection through to the distal end of the system, monitoring fCr from the point of distribution to the user's cup is further recommended by asking the question, 'Can you provide me a cup of water as you would provide your child?' to householders and testing the water provided. improving monitoring ensures that water consumed by households has been effectively treated with chlorine and facilitates comparison and exchange among programmes. Chlorine decay data that trace the path of water from point of distribution to point of consumption allow us to develop a better understanding of post-distribution chlorine decay. Moreover, monitoring associated water quality parameters, water-handling practices, and other contextual factors alongside fCr decay may help to identify factors that preserve or compromise the safe water chain.
one of the greatest challenges in chlorination in emergencies is balancing the competing criteria of: 1) meeting the chlorine demand of the water; 2) maintaining fCr sufficient for disinfection during water distribution, transport, and household storage through to the distal end of the system; and 3) not exceeding international maximum guideline values of 4-5.0 mg/l of chlorine in drinking water and user taste and odour objections. the current recommendations for fCr and dosage in emergencies do not address in what contexts balancing these competing criteria is possible, and in what contexts it is not possible. Specifically, for contexts where balancing these criteria is not possible, additional research is needed to understand and develop alternatives, such as which criteria to prioritize, or alternate treatments/sources. Beneficiary input must be included when working to balance these criteria. the hope is that the succinct and complete summary of information presented herein will assist responders in determining how to balance these criteria within the contexts they face. the principal values of this paper are that it summarizes existing literature to provide evidence-based recommendations to responders, identifies areas in need of clarification and consensus by international agencies; and recommends research needed. However, a limitation (and strength) of this paper is that some topic areas relevant to chlorination in emergencies (particularly technical challenges and monitoring) have such minimal evidence from emergency contexts that we included review information from non-emergency contexts to provide a complete picture. a more thorough understanding of the technical, programmatic, and social aspects of chlorination programmes in emergencies would help communities, responders, and governments to respond to emergencies better. while the data on the efficacy of chlorination are very good, the actual practice of using chlorine is often heterogeneous and context dependent. further research into effectiveness of interventions and operational decision-making is necessary to ensure the efficacy and effectiveness of chlorination programmes. a better understanding of chlorination in emergencies is timely and necessary as natural disasters and their impacts have been increasing in recent decades, due to increases in populations living in hazard-prone locations; unplanned settlements and environmental degradation; and climate change causing more intense hurricanes, higher rainfall intensities, drought, and heatwaves (uniSDr, 2006) . additionally, outbreaks where chlorine is a key infection control and disease management component are currently increasing or emerging, such as cholera (Gaffga et al., 2007) and ebola.
Conclusion
in this article we conducted a thorough review of the literature pertaining to chlorination of water in emergencies. we found that: 1) international chlorine dosage recommendations in emergencies are highly inconsistent; 2) high-quality information from the general chlorination literature on challenges of chlorination can be adapted for emergencies; 3) many chlorine products are available for use in pointof-delivery, point-of-source, and point-of-use emergency-response programmes; 4) information on the effectiveness of different chlorination programmes in emergencies varies, ranging from little data available to high-quality data that can inform programming, 5) information on user acceptability of chlorination in emergencies is lacking; and 6) monitoring data on chlorine programme effectiveness in emergencies are lacking. we developed recommendations for implementing programmes and recommendations for future research. we hope this summary is helpful for governments, responders, researchers, and communities.
